We study the formation and growth of laser-induced periodic surface structures (LIPSSs) with the finite-difference time-domain (FDTD) method. We use a recently proposed inter-pulse feedback method to account for the evolution of the surface morphology between each laser pulse sent to the surface of the processed material. This method has been used with an ablation-like mechanism, by removing material exposed to a light intensity higher than a given threshold. We propose an inverse mechanism, an expansion-like mechanism, able to grow structures that the ablation-like process cannot. This allows us to introduce the notions of constructive and destructive feedback and explains a strong contradiction between the standard Sipe-Drude theory and the experimental observations, i. e. the formation on metals of structures usually linked to wide band gap dielectrics.
I. INTRODUCTION
The study of laser-induced periodic surface structures (LIPSSs) has started with the first experimental observation by Birnbaum et al. 1 They are created by irradiating the surface of solid material (dielectrics, semi-conductors, metals)
2 with an intense laser beam near the ablation threshold. LIPSSs are wavy nanometric structures characterized with both their orientation with respect to the incident wave polarization and periodicity Λ. A large variety of distinct LIPSSs morphologies [3] [4] [5] [6] [7] [8] [9] [10] can be formed depending on the material and the laser properties.
We will consider two of these morphologies. The first type of structures to be considered are the most common and also the first ones to have been observed. They have an orientation orthogonal to the incident laser beam polarization and a periodicity close to its wavelength, Λ ∼ λ. They are referred to as low spatial frequency LIPSSs (LSFLs) or as type-s because of the sinusoidal dependency between the angle of incidence and their periodicity.
The second type of structures have an orientation parallel to the incident light polarization and a periodicity closer to Λ ∼ λ/Re(ñ), whereñ is the complex refractive index. Since the real part of the refractive index can vary significantly during intense laser irradiation, the periodicity of parallel structures can cover a wide range. They are sometimes referred to as LSFLs or high spatial frequency LIPSSs (HSFLs) depending on their periodicity, or type-d structures.
The currently accepted theory is the Sipe-Drude theory [11] [12] [13] which accounts for the interaction between an incident plane wave and surface scattered waves caused by the material's surface roughness. Sipe's analytical solutions of Maxwell's equations predict that a material with Re(ñ) > Im(ñ) (dielectrics) results in the formation of type-d structures and a material with Re(ñ) < Im(ñ) (metals or strongly ionized dielectrics) gives rise to type-s structures.
Agreement is quite good with the experiments on several points. On wide band-gap dielectrics at low laser fluence, type-d structures are usually observed.
10 On narrower band-gaps or at higher fluence, the resulting structures are rather of type-s because of the formation of dense plasma. On metals, type-s structures are observed most of the time, but in contrast to the Sipe-Drude theory, parallel structures have also been seen on metals and this observation is currently without explanation.
14,15
Since the analytical method cannot predict the formation on metals of LIPSSs parallel to polarization, we turn to a numerical approach, the finite-difference timedomain (FDTD) method [16] [17] [18] to investigate further. A feedback mechanism is also included to account for the growth of LIPSSs from one laser pulse to the next. 19 An extension to the model allows us to add an important notion, the distinction between constructive and destructive feedback in the LIPSSs formation process. This turns out to be crucial for the formation of type-d structures on metals.
II. NUMERICAL MODEL A. FDTD and discretization
FDTD is a numerical method used to solve Maxwell's equations and is based on their spatial and temporal discretization. We first define a tridimensional domain, represented in Figure 1 , in which half of the volume is occupied by the bulk of the material and the other half with void together with randomly distributed set of inhomogeneities positioned at the interface. Each inhomogeneity has the minimal volume allowed by the discretized space, i.e. one computational cell. Futhermore, 10% of the cells in the layer above the bulk are randomly filled with material. Each spatial boundary is completed with perfectly matched layers (PMLs), 20 cells wide, to avoid any non-physical boundary reflections. All spatial dimensions are normalized with respect to the incident light wavelength and the spatial discretization is δ x,y,z = λ/20 in a domain of 10λ in x and y and 2λ in z, excluding PMLs. The time dimension is normalized with respect to the time of a complete optical period T and the temporal discretization is δ t = T /40, smaller than the maximal time step δ t,max allowed by the stability condition of the FDTD method (δ t,max = T /(20 √ 3) in our case). A plane wave is then propagated from the highest layer of void towards the +z direction and through the material roughness. Simulations run for 7 full optical cycles and we extract the average intensity I(x, y, z) = | E(x, y, z)| 2 over the 3 final optical cycles.
B. Drude model
The optical properties of the material are calculated by the use of the Drude model to account for the dense plasma formation during the laser interaction. 13 The refractive index is defined asñ =˜ 1/2 and the complex permittivity˜ is
where ω is the laser frequency, γ is the collision frequency of the free carriers defined as the inverse of the Drude damping time τ D and ω p is the plasma frequency defined as ω
Finally, e is the electric charge, N e is the free carrier density, 0 is the free space permittivity, m * opt m e is the effective optical mass of the electrons and is the material permittivity with no free carriers fixed at = 4.84 in this work. 
C. Feedback
To account for the growth of LIPSSs between two laser pulses, an inter-pulse feedback mechanism recently proposed by Skolski et al. is included.
19 After the first simulation, the time averaged light intensity I(x, y, z) in the material is calculated and an isosurface s(x, y, z) is traced along a threshold value of average intensity I th . All the material above s(x, y, z) = I th has received more intensity than the threshold and is thus removed before starting a new simulation with the processed surface. This ablation-like process is repeated as many times as needed. The threshold is chosen to remove a precise average thickness of material ∆s after the first laser pulse and is kept constant for the subsequent pulses. ∆s is also in units of λ.
Several distinct and complex mechanisms are responsible for the modification of the surface morphology in addition to ablation. For instance, photo-expansion will act differently on the surface because it will lead to expansion of the material where the light intensity is larger. We therefore introduce a second mechanism to account for any expansion-like mechanism with the same threshold method except that the surface modification is applied with the opposite sign. For example, if the difference between the actual surface position and the isosurface s at a certain point is 5 cells, an ablation-like process will remove 5 cells of material and an expansion-like process will add 5 cells. We use negative values of ∆s to indicate an expansion-like mechanism.
Several scenarios can occur between two inter-pulse feedback cycles. When LIPSSs are already formed on a surface, the calculated mean intensity I(x, y, z) can be maximal either at the surface minima (valleys) or at the surface maxima (peaks). If the energy is mostly deposited at the valleys, two scenarios illustrated in Figure  2 are possible. If the chosen surface processing mechanism is ablation, the valleys get deeper and the total amplitude of the LIPSSs grows, leading to constructive feedback. In contrast, if the process is expansion-like, the valleys expand and the LIPSSs flatten as a result of destructive feedback.
In distinction, if the energy is mostly deposited at the peaks, as illustrated in Figure 3 , the opposite effects are expected. The ablation mechanism will erase the LIPSSs in destructive feedback and the expansion mechanism will lead to amplitude growth as a result of constructive feedback.
III. RESULTS & DISCUSSION
To test these assumptions, we first apply 9 full interpulse feedback cycles on a material with dielectric optical properties (Re(ñ) > Im(ñ)) under the expansionlike mechanism. The parameters are (ω p /ω, γ/ω, ∆s) = (1.7, 1/16, −0.11), corresponding toñ = 1.4 + 0.064i and results are shown in Figure 4(a)-(d) . The analytical solution of the Sipe-Drude theory predicts the formation of structures parallel to the polarization, in agreement with this simulation. Furthermore, our calculation confirms the illustration of Figure 3 whereby structures grow from one laser pulse to the next when expansion is applied, whereas they do not under ablation (not shown in Figure 4) .
The next two sets of calculations consider materials with metallic properties (Re(ñ) < Im(ñ)). We again apply 9 full inter-pulse feedback cycles, but this time under the ablation-like mechanism with parameters (ω p /ω, γ/ω, ∆s) = (6, 1, 0.16), corresponding toñ = 2.14 + 4.21i. The simulation results are shown in Figures  4(e)-(h) and are in agreement with the Sipe-Drude theory both predicting type-s structures. The constructive feedback under ablation mechanism is again qualitatively displayed in Figure 2 . Now, with the same three parameters, (ω p /ω, γ/ω, ∆s) = (6, 1, −0.16), we apply an expansion-like mechanism to obtain Figures 4(i)-(l) . One clearly sees that structures with orientation parallel to the laser polarization are grown, a behavior not accounted for by the SipeDrude theory on metallic materials. This is in sharp contrast with the experimental fact that these types of structures are indeed observed on metals.
14,15 Our simulations suggest that the growth of type-d structures on materials with metallic optical properties is the result of energy deposition at the peaks with the ensuing constructive feedback for the developement of the maxima as illustrated in Figure 3 .
IV. CONCLUSION
We have extended a recently proposed feedback-byablation method 19 to account for expansion-like mechanisms in the LIPSSs formation process. This allows us to simulate the growth of a larger class of nanostructure morphologies, including parallel ripples on dielectrics and metals.
We have thereby investigated the importance of constructive and destructive feedback. In particular, we have proposed an explanation for the growth of parallel structures (type-d) in the optically metallic regime, something not accounted for by the standard theory without feedback.
